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Introduction {#sec001}
============

Necrotizing enterocolitis (NEC) is an inflammatory necrosis of the distal small intestine and colon that commonly affects very premature infants (10% incidence) less than 1500grams in birthweight \[[@pone.0229283.ref001]\]. We have reported that its pathogenesis is in part due to an inappropriate reaction of colonizing bacteria with an immature intestine \[[@pone.0229283.ref002]\]. For example, colonizing bacteria (both pathogens and commensals) can create an excessive inflammatory response in the immature intestine rather than developing immune homeostasis \[[@pone.0229283.ref003]\]. This excessive inflammatory response may be due to an immature innate reaction to the colonizing bacteria \[[@pone.0229283.ref002],[@pone.0229283.ref004]\] because the immature intestine expresses excessive toll-like receptor-4 (TLR4) on its surface and increased Nuclear Factor κB (NFκB) and Interleukin-8 (IL-8) and has less expression of inflammatory regulators single Ig IL-1-related receptor (SIGRR), IL-1receptor-associated kinase M (IRAK-M), tumor necrosis factor, alpha-induced protein3 or A-20, etc. \[[@pone.0229283.ref002],[@pone.0229283.ref005]\].

Although the pathogenesis of NEC is incompletely understood, clinical studies have suggested that feeding prematures their mother's expressed breast milk or giving them probiotics may prevent or lessen the severity of the disease \[[@pone.0229283.ref006],[@pone.0229283.ref007]\]. A recent study suggests that prevention is most effective when breast milk and probiotics are given together (synbiotic effect) \[[@pone.0229283.ref008]\].

Short chain fatty acids (SCFAs) are produced by intestinal commensal bacteria interacting with a diet rich in complex carbohydrates which cannot be metabolized by enzymes in the small intestine \[[@pone.0229283.ref009]\]. In the immature human intestine, SCFAs are produced when expressed breastmilk fed to prematures interacts with colonizing bacteria \[[@pone.0229283.ref010],[@pone.0229283.ref011]\] for example, Bifidobacteria infantis can produce increased levels of SCFAs (acetate, propionate and butyrate) \[[@pone.0229283.ref012]\]. A number of studies in mature intestine have shown that SCFAs have anti-inflammatory effects under conditions of intestinal inflammation such as dextran sulfate sodium (DSS) colitis and are in short supply in patients with inflammatory bowel disease and rheumatoid arthritis \[[@pone.0229283.ref013]--[@pone.0229283.ref015]\]. Histone post-translational modifications are fundamental regulators of gene expression and are tightly controlled by histone deacetylases (HDACs). It is reported that SCFAs modulate immune and inflammatory responses via activation of their receptors free fatty acid receptors type 2 and3 (FFAR2 and FFAR3) and G protein-coupled receptor 109A (GPR109A) to inhibit HDACs \[[@pone.0229283.ref016]--[@pone.0229283.ref018]\]. In this study, we determined if SCFAs (acetate, propionate and butyrate) were anti-inflammatory in a fetal cell line, in fetal organoids and in fetal mouse intestine after an inflammatory stimulus with IL-1β. We also have begun to determine whether SCFAs receptors and HDACs are involved in the anti-inflammatory enterocyte cellular mechanism for this response in immature enterocytes compared to that reported for mature enterocytes \[[@pone.0229283.ref017],[@pone.0229283.ref019]\].

Accordingly, this study was designed to determine how the synbiotic effect works by determining the interaction of bacterial metabolites SCFAs on immature intestinal inflammation.

Results {#sec002}
=======

SCFAs inhibit IL-1β-induction of IL-8 secretion in immature enterocytes (H4 cells) {#sec003}
----------------------------------------------------------------------------------

To investigate if SCFAs have an anti-inflammatory effect on immature intestinal epithelial cells, H4 cells were pretreated with different doses of SCFAs before an IL-1β stimulation. A range of doses of acetate **([Fig 1A](#pone.0229283.g001){ref-type="fig"}**) and propionate **([Fig 1B](#pone.0229283.g001){ref-type="fig"}**) from 5 mM to 30 mM significantly inhibited IL-1β-induced IL-8 secretion in a dose dependent manner. However, 5mM of butyrate had no inhibitory effect but the other doses (10mM, 20mM and 30mM) had similar inhibitory effects, suggesting that no dose dependent response was observed with butyrate **([Fig 1C](#pone.0229283.g001){ref-type="fig"}**).

![The effects of different doses of short-chain fatty acids (SCFAs) on prevention of IL-1β-induced IL-8 induction in H4 cells.\
H4 cells were pretreated with or without SCFAs, **(A)** Acetate (5−30 mM), **(B)** Propionate (5−30 mM), and **(C)** Butyrate (5−30 mM) for 30 min before exposure to IL-1β (1ng/ml) for 24 h. The secretion of IL-8 into the supernatants was determined by enzyme-linked immune sorbent assay (Elisa). The results are represented as the mean ± SEM of three independent experiments. One -way ANOVA and Tukey post hoc tests were used for statistic, n = 3. Differences compared to the control group were considered significant at \*\*p\<0.01, \*\*\* p\<0.001; differences compared to the IL-1β group were considered significant at \#\#\# p\<0.001. Acetate, Ace; propionate, Pro; butyrate, Buty.](pone.0229283.g001){#pone.0229283.g001}

SCFAs have an anti -inflammatory effect on fetal intestinal organoids {#sec004}
---------------------------------------------------------------------

H4 cells, a 2-dimensional non-polarized immature intestinal monolayer, can only be treated from the surface side. However, an inflammatory infection of immature enterocytes may occur from both the luminal or basolateral side. Based on ours and other's observations that the 3D intestinal organoid can be cultured in transwells to form 3D monolayers of functional polarized epithelial cells \[[@pone.0229283.ref020]\], a monolayer derived from H4 organoids was used to investigate if SCFA can protect the inflammatory cytokines from all sides. Monolayers of H4-organoids were pretreated with SCFAs (20 mM, 30 min) from the apical side and then treated with IL-1β (1ng/ml, 24h) on the basolateral side (**[Fig 2A](#pone.0229283.g002){ref-type="fig"}**). We found that IL-1β significantly induced IL8 induction (\*\*\*p\<0.001), and SCFAs (acetate, propionate and butyrate) significantly inhibited IL-1β-induced-IL-8 secretion (vis IL-1β \#\#\#p\<0.001 in three SCFAs), the same results noted in the H4 cell line.

![SCFA inhibited IL-1β induced IL-8 secretion in H4 organoids and other fetal human intestinal organoids.\
H4 organoids **(A),** and fetal human small intestinal organoids from gestational age 15-week **(B)** and 22-week **(C)** cultured as a monolayer in trans-well plates were pretreated with 20 mM of acetate, propionate or butyrate for 30 min before IL-1β stimulation (1ng/ml for 24h). The secretion of IL-8 into the supernatants was measured by Elisa. Data are represented as the mean ± SEM of three independent experiments. One -way ANOVA and Tukey post hoc tests were used for statistic, n = 3. Differences compared to the control group were considered significant at\*p\<0.05, \*\*p\<0.01, \*\*\* p\<0.001; differences compared to the IL-1β group were considered significant at \# p\<0.05, \#\#\# p\<0.001.](pone.0229283.g002){#pone.0229283.g002}

When additional human fetal organoids \[age 15 weeks (**[Fig 2B](#pone.0229283.g002){ref-type="fig"}**) and 22 weeks (**[Fig 2C](#pone.0229283.g002){ref-type="fig"}**)\] were exposed to IL-1β, the levels IL8 were increased significantly (\*\*\*p\<0.001). However, if we pretreated them with individual SCFAs at levels shown to be anti-inflammatory in H4 cells and organoids, a significant anti-inflammatory effect was noted after IL-1β stimulation confirming the SCFAs generalized anti-inflammatory effect in immature human intestine.

SCFAs have an anti-inflammatory effect in fetal mouse intestinal organ cultures {#sec005}
-------------------------------------------------------------------------------

To investigate if SCFAs have an anti-inflammatory effect on fetal mouse intestinal epithelium, C57BL6 fetal mouse (E 18.5 d) small intestine (**[Fig 3A](#pone.0229283.g003){ref-type="fig"}**) and colon (**[Fig 3B](#pone.0229283.g003){ref-type="fig"}**) organ cultures \[[@pone.0229283.ref021],[@pone.0229283.ref022]\] were subjected to 20 mM of SCFAs (acetate, propionate and butyrate) before an IL-1β stimulation. The results showed that all three SCFAs significantly reduced IL-1β-induced macrophage inflammatory protein2 (MIP2), a murine homologue of IL8, secretion in fetal mouse small intestine and colon ex-vivo organ cultures confirming the anti-inflammatory effect of SCFAs on immature mouse intestine.

![The anti-inflammatory effects of SCFAs on immature enterocytes in ex vivo mouse intestine.\
Embryonic 18.5day (E 18.5) C57BL6 fetal mouse small (**A**) and large (**B**) intestinal organ culture were pretreated with SCFAs (20 mM for 30 min) before IL-1β stimulation (1ng/ml for 24h). The secretion of IL-8 into the supernatants was assayed by Elisa. Data are represented as the mean ± SEM of two independent experiments. N = 6 for each experiment. One -way ANOVA and Tukey post hoc tests were used for statistic. Differences compared to the control group were considered significant at \*\*p\<0.01, \*\*\* p\<0.001; differences compared to the IL-1β group were considered significant at \#\#\# p\<0.001.](pone.0229283.g003){#pone.0229283.g003}

SCFAs inhibit IL-1β- induction of HDAC3 and HDAC5 genes in immature but not mature enterocytes {#sec006}
----------------------------------------------------------------------------------------------

Many signaling pathways cause a cellular response that involves a change in gene expression. HDACs are a class of enzymes that remove acetyl groups from an acetyl -lysine amino acid on a histone allowing the histones to wrap the DNA more tightly and activate a series of gene expressions. To investigate if SCFAs anti IL-1β-induced inflammation was involved in regulation of HDACs signaling pathways in epithelial cells, immature enterocytes (H4 cells) and mature enterocytes (Caco2 cells) were pretreated with SCFAs before IL-1β stimulation followed by a determination of HDAC gene expression. We found that three SCFAs alone had no effect on the mRNA expression of HDAC3 or HDAC5, but all of them can inhibit IL-1β-induced HDAC3 and HDAC5 mRNA in H4 cells (**[Fig 4A and 4B](#pone.0229283.g004){ref-type="fig"}**) but not in Caco2 cells (**[S1B and S1C Fig](#pone.0229283.s003){ref-type="supplementary-material"}**), although these three SCFAs can inhibit IL-1β-induced IL-8 secretion in Caco2 cells (**[S1A Fig](#pone.0229283.s003){ref-type="supplementary-material"}**), suggesting that a different anti-inflammatory mechanism exists between immature and mature intestinal epithelial cells. These results indicate that SCFAs anti IL-1β-induced HDACs gene induction only occurred in immature enterocytes. To provide additional evidence that IL-1β induced HDACs induction can be regulated by SCFAs, HDACs protein was determined by a luciferase assay (**[Fig 5](#pone.0229283.g005){ref-type="fig"})**. As expected, IL-1β-induced HDACs protein induction can also be inhibited by pretreatment with SCFAs. In addition, propionate and butyrate alone (not acetate alone) can inhibit the HDACs protein expression as well.

![SCFAs inhibit IL-1β induced histone deacetylases HDAC3 and HDAC5 mRNA expression in immature enterocytes.\
H4 cells **(A-B)** were pretreated with 20 mM of SCFAs for 30 min before IL-1β stimulation (1ng/ml for 4h). HDAC3 **(A)** and HDAC5 **(B)** mRNA expression were determined by real time RT-PCR. Data are represented as the mean ± SEM of three independent experiments. One -way ANOVA and Tukey post hoc tests were used for statistic, n = 3. Differences comparison to the control group were considered significant at \*\*p\<0.01, \*\*\* p\<0.001; differences comparison to the IL-1β group were considered significant at \#\#\# p\<0.001.](pone.0229283.g004){#pone.0229283.g004}

![SCFAs inhibit IL-1β induced HDAC protein expression in immature enterocytes.\
H4 cells were pretreated with 20 mM of SCFAs for 30 min before IL-1β stimulation (1ng/ml) for 24h. Total HDACs protein (including HDAC3 and HDAC5) level was determined by Luminescent assay (using HDAC-Glo^™^ I/II Assay kit). Data are represented as the mean ± SEM of two independent experiments. One -way ANOVA and Tukey post hoc tests were used for statistic, n = 3. Differences comparison to the control group were considered significant at \*\*p\<0.01, \*\*\* p\<0.001; differences comparison to the IL-1β group were considered significant at \#\#\# p\<0.001.](pone.0229283.g005){#pone.0229283.g005}

HDACs mediate IL-1β-induced IL-8 secretion in immature enterocytes {#sec007}
------------------------------------------------------------------

To provide additional evidence that HDACs signaling pathways are involved in IL-1β-induced IL-8 secretion in immature enterocytes, H4 cells and fetal mouse small and colonic intestinal organ cultures were pretreated with HDACs inhibitors \[trichostain A (TSA, inhibits HDAC 1,3,4,6 and 10) and LMK325 (inhibits HDAC 4 and 5)\] before IL-1β stimulation. The results showed that IL-1β lost its effect on IL-8 secretion in both TSA and LMK pretreated H4 cells (**[Fig 6A](#pone.0229283.g006){ref-type="fig"})**, fetal mouse small intestinal (**[Fig 6B](#pone.0229283.g006){ref-type="fig"})** and colonic (**[Fig 6C](#pone.0229283.g006){ref-type="fig"})** organ cultures indicating that these HDACs mediate IL-1β-induced IL-8 secretion in immature enterocytes in vitro and ex-vivo.

![Both HDAC3 and HDAC5 are required for mediating IL-1β induced IL-8 secretion in immature enterocytes *in vitro* and *ex vivo*.\
H4 cells **(A)**, C57BL6 fetal mouse small **(B)** and large intestinal **(C)** organ cultures were pretreated with HDAC3 inhibitor Trichostatin A (TSA) 100nM or HDAC4-5 inhibitor LMK-235 (LMK) 100nM for 30 min before IL-1β stimulation (1 ng/mL for 24 h). The secretion of IL-8 into the supernatants was assayed by Elisa. Data are represented as the mean ± SEM of three independent experiments for H4 cells and two independent experiments for mouse. One -way ANOVA and Tukey post hoc tests were used for statistic. n = 3 (H4 cells), n = 6 (mouse). Differences compared to the control group were considered significant at \*\*p\<0.01, \*\*\* p\<0.001; differences compared to the IL-1β group were considered significant at \#\# p\<0.01, \#\#\# p\<0.001.](pone.0229283.g006){#pone.0229283.g006}

SCFAs activate G- protein coupled receptor 109A (GPR109A) but not GPR43 in response to IL-1β stimulation in immature enterocytes {#sec008}
--------------------------------------------------------------------------------------------------------------------------------

Free Fatty Acid Receptor 2 (FFAR2) or GPR43 and, FFAR3 or GPR41 and GPR 109A are the three principal SCFAs receptors. To investigate if SCFAs activate these receptors in response to IL-1β stimulation in immature enterocytes, mRNA fold change of the genes coding these receptors were determined by real time PCR in H4 cells. We found that FFAR2, FFAR3 mRNA were present at very low levels and that no changes were observed after IL-1β stimulation in H4 cells. However, the GPR 109A mRNA was detectable and up-regulated to varying degrees was noted upon IL-1β stimulation with all three SCFAs pretreatment of H4 **([Fig 7](#pone.0229283.g007){ref-type="fig"})** cells. SCFAs alone affected GPR 109A mRNA levels in H4 cells (butyrate alone significantly increased 109A mRNA expression, acetate and propionate alone also increased 109A mRNA expression but not significantly). IL-1β alone did not induce GPR 109A mRNA expression in H4 cells.

![SCFAs increase G protein-coupled receptors 109A (GPR109A) mRNA expression in response to IL-1β stimulation in human immature enterocytes.\
H4 cells were pretreated with or without 20 mM of SCFAs for 30 min before IL-1β stimulation (1ng/ml for 4h); or treated with 20 mM of SCFAs alone. GPR109A mRNA levels were determined by real time RT-PCR. Data are represented as the mean ± SEM of three independent experiments, n = 3. One -way ANOVA and Tukey post hoc tests were used for statistic. Differences compared to the control group were considered significant at \*\*\* p\<0.001; differences compared to the IL-1β group were considered significant at \#\#\# p\<0.001.](pone.0229283.g007){#pone.0229283.g007}

SCFAs lose their anti-inflammatory effect on IL-1β-induced IL8 secretion with a GPR 109A inhibitor in H4 cells {#sec009}
--------------------------------------------------------------------------------------------------------------

To further confirm that SCFAs regulates IL-1β-induced IL8 secretion via the GPR 109A receptor in H4 cells, an inhibitor of GPR 109A \[0.2mM mepenzolate bromide (MB)\] was used \[[@pone.0229283.ref023]\]. The results showed that SCFAs lost their anti-inflammatory effect on IL-1β-induced IL8 secretion in H4 cells **([Fig 8](#pone.0229283.g008){ref-type="fig"}).**

![109A is required for SCFAs anti IL-1β induced IL8 induction in H4 cells.\
H4 cells were pretreated with 109A inhibitor mepenzolate bromide (MB) (0.2mM) for 30 minutes then treated with SCFAs before IL-1β stimulation. The secretion of IL-8 into the supernatants was assayed by Elisa. Data are represented as the mean ± SEM of three independent experiments. n = 3. One -way ANOVA and Tukey post hoc tests were used for statistic (\*p\<0.05, \*\*p\<0.01, \*\*\* p\<0.001).](pone.0229283.g008){#pone.0229283.g008}

Discussion {#sec010}
==========

Necrotizing enterocolitis (NEC) is the most serious intestinal emergency occurring in the premature \[[@pone.0229283.ref001]\]. Its pathogenesis is not completely understood but is related to colonizing bacteria interacting with an immature intestinal tract \[[@pone.0229283.ref002],[@pone.0229283.ref024]\]. We have previously reported that the immature intestine favors excessive inflammation over immune homeostasis \[[@pone.0229283.ref003],[@pone.0229283.ref004]\]. This occurs due to an innate immune inflammatory response which excessively reacts to both pathogens as well as commensal bacteria \[[@pone.0229283.ref003]\] because components of innate immunity (TLR4, NFκB and IL-8) are excessively expressed and factors that control the innate immune inflammation (SIGRR, IRAK-M, A20, etc.) are under expressed \[[@pone.0229283.ref002],[@pone.0229283.ref005]\]. We believe that this immaturity contributes to the increased susceptibility of prematures to developing NEC.

Although to date no preventative measures have been established to routinely prevent the expression of NEC, certain approaches have reduced its incidence and severity. If a premature infant weighing less than 1500 grams is given its mother's expressed breast milk, the premature is less likely to develop NEC and if it does the condition is less severe \[[@pone.0229283.ref011]\]. In addition, in small clinical trials certain probiotics have reduced the incidence and severity of NEC \[[@pone.0229283.ref007],[@pone.0229283.ref008]\]. A recent study has shown that the use of expressed breast milk and a probiotic in combination (synbiotic effect) may be more effective than either treatment alone \[[@pone.0229283.ref008]\]. Accordingly, we have attempted to determine the mechanism by which the synbiotic approach is effective.

In other not yet published studies, we have shown that *Bifidobateria infantis* can metabolize tryptophan in breast milk to produce indole-lactic acid which is developmentally anti-inflammatory in a fetal human intestinal cell line, fetal organoids, fetal mouse intestine and fetal NEC enterocytes. The bacterial secreted metabolite interacts with the transcription factor aryl-hydrocarbon to prevent its transcription of IL-8 after an IL-1β inflammatory stimulus. This observation suggests a mechanism for the synbiotic anti-inflammatory effect of breastmilk and a probiotic in NEC \[[@pone.0229283.ref024],[@pone.0229283.ref025]\].

In this study we examined another effect on inflammation of other bacterial metabolites produced after interaction with expressed breastmilk. It has been reported that intestinal colonizing bacteria can metabolize complex carbohydrates expressed in breastmilk but not digested by small intestinal enzymes to produce large quantities of SCFAs (acetate, propionate and butyrate) \[[@pone.0229283.ref011],[@pone.0229283.ref026]\]. It has been shown that these SCFAs have immunologic activating effects on mature human enterocytes \[[@pone.0229283.ref009]\]. However, very little has been reported about their effect on immature human enterocytes.

In this study, IL-1β can stimulate the induction of IL8 in a human fetal enterocyte cell line (**[Fig 1](#pone.0229283.g001){ref-type="fig"})**, organoid (from H4 Cells) (**[Fig 2A](#pone.0229283.g002){ref-type="fig"}**) and other human fetal enteroids (**[Fig 2B and 2C](#pone.0229283.g002){ref-type="fig"}**) and the induction of MIP2 (murine homologue of IL8) in fetal mouse intestine (**[Fig 3](#pone.0229283.g003){ref-type="fig"}**). Three short chain fatty acids have been shown to inhibit IL-1β induced IL8 or MIP2 induction significantly in all those models (**Figs [1](#pone.0229283.g001){ref-type="fig"}--[3](#pone.0229283.g003){ref-type="fig"}**). IL-1β levels are known to be increased in the intestinal contents of patients with NEC \[[@pone.0229283.ref001],[@pone.0229283.ref006]\]. This observation suggests that the synbiotic effect of feeding mothers expressed breast milk in combination with a probiotic such as *Bifidobacterium infantis* may represent a synbiotic mechanism for the protective approach in the premature infant.

It has previously been reported that SCFAs interact with the G protein coupled protein receptor (GPR) 43 in mature immune cells and enterocytes to either stimulate proliferation of T regulatory cells and/or the release of the anti-inflammatory cytokine IL-10 to inhibit an inflammatory response \[[@pone.0229283.ref027]\]. Other GPRs (GPR-41, GPR-109A, etc) have been identified as ligands for SCFAs and SCFAs have been reported to have other intestinal protective effects (increased mucous production and stimulation of tight junction proteins) \[[@pone.0229283.ref009]\].

When we examined receptor expression in the fetal enterocyte cell line, we showed the GPR-43 and GPR41 mRNA was expressed at a very low level whereas GPR-109A mRNA had an increased expression (**[Fig 7](#pone.0229283.g007){ref-type="fig"}**) suggesting that this receptor was involved in SCFA-receptor interaction in the immature enterocyte. These observations were further supported when the SCFA anti-inflammatory effect was lost if cells were pretreated with the GPR-109A inhibitor mepenzolate bromside (MB) before an IL-1β stimulus (**[Fig 8](#pone.0229283.g008){ref-type="fig"}**). These observations suggest that the mechanism of anti-inflammation by SCFAs may differ between immature and mature enterocytes.

Another effect of SCFAs on mature enterocytes is that they are taken up by these cells and act as an inhibitor of HDACs which affect transcription of inflammatory cytokines such as IL-8, etc. in an epigenetic manner after an inflammatory stimulus \[[@pone.0229283.ref014],[@pone.0229283.ref028]\]. In these studies, we showed that SCFAs alone had no effect on mRNA expression of HDAC3 or HDAC5 (**[Fig 4](#pone.0229283.g004){ref-type="fig"}**) but propionate and butyrate alone (not acetate) can inhibit the total HDACs protein expression **([Fig 5](#pone.0229283.g005){ref-type="fig"})** suggesting that propionate or butyrate alone inhibiting HDACs expression may act in an epigenetic manner. Furthermore, all three SCFAs can inhibit IL-1β induced HDAC3 and HDAC5 mRNA and HDACs protein in H4 cells (**Figs [4](#pone.0229283.g004){ref-type="fig"} and [5](#pone.0229283.g005){ref-type="fig"}**) but not in a mature enterocyte cell line -Caco2 cells \[[@pone.0229283.ref029]\] (IL-1β could not stimulate HDAC3 and HDAC5 mRNA induction in Caco2 cells although IL-1β can stimulate IL8 induction in Caco2 cells) (**[S1 Fig](#pone.0229283.s003){ref-type="supplementary-material"}**) again suggesting a different mechanism for anti-inflammation between mature and immature enterocytes. The Caco-2 cell line is originally derived from a colon carcinoma. However, one of its most significant properties is its ability to spontaneously differentiate into a monolayer of cells with many properties typical of mature absorptive enterocytes with a brush border layer similar to the small intestine. Currently there is no normal human mature small intestinal cell line available. That is why Caco2 cells are used as a mature small intestinal epithelial cell line in many publications. So, in this study we used Caco2 cell line to mimic a normal adult small intestinal epithelial cell line \[[@pone.0229283.ref029]\].

[In summary]{.ul}, this study suggests another mechanism for the synbiotic effect of expressed breast milk interacting with probiotics fed to premature infants in preventing excessive inflammation leading to necrotizing enterocolitis. The study also suggests that the anti-inflammatory effect of SCFAs in the immature intestine differs from the mechanism in the mature intestine. In order to determine other potential enterocyte mechanisms of immune protection by SCFAs, we plan to do transcription profiles of RNA from H4 cells after exposure to SCFAs and an inflammatory stimulus. Furthermore, if these initial observations are confirmed by a single protocol, multicenter trial with expressed breast milk and an established NEC probiotic, this may represent a future general treatment approach to preventing NEC in all premature infants at risk.

Materials and methods {#sec011}
=====================

Chemicals {#sec012}
---------

Dulbecco's modified Eagles medium (DMEM), nonessential amino acid (NEAA, 100×), glutamine (100×), antibiotic/antimycotic solution (100×), HEPES buffer (1 M) and sodium pyruvate (100 mM) were obtained from Gibco (ThermorFisher Scientific, San Diego, CA). Fetal bovine serum (FBS) was obtained from Atlanta Biologicals (Lawrenceville, GA). Humulin R regular insulin human injection material (100 units/ml) was obtained from Lilly (Indianapolis, IN). Tissue culture plastics were obtained from Fisher Scientific (Pittsburgh, PA). The RNAeasy Mini kits were obtained from Qiagen (Valencia, CA). SuperScript III first-strand synthesis supermix and SYBR GreenER qPCR SuperMix Universal were obtained from Life Technologies (Grand Island, NY). Recombinant human IL-1β and enzyme-linked immunosorbent assay (ELISA) kits for human IL-8 were obtained from R&D Systems (Minneapolis, MN). Short chain fatty acids (sodium acetate, sodium propionate and sodium butyrate) and G-coupled protein receptor (GPR) 109A inhibitor mepenzolate bromide and HDAC3 inhibitor Trichostain A (TSA) were purchased from Sigma Aldrich (Natick, MA). HDAC5 inhibitor LMK325 was purchased from Santa Cruz.

Cell cultures and treatments {#sec013}
----------------------------

H4 cells, a human non-transformed primary intestinal epithelial cell line characterized by our laboratory (IRB 2018-P002987), were used as an in vitro model of the immature intestine \[[@pone.0229283.ref030]\]. The cells were routinely maintained in DMEM supplemented with 10% heat-inactivated FBS, 1% NEAA, 1% glutamine, 1% antibiotic/antimycotic solution, 10 mM HEPES buffer, 1 mM sodium pyruvate and 0.2 units/ml human recombinant insulin. Cells were incubated at 37°C in a 5% carbon dioxide, humidified atmosphere. Caco-2 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured in DMEM with 10% FBS, 2mM L-glutamine, 0.1 mM MEM nonessential amino acids, 10 mM Hepes buffer, 100 units/ml penicillin and 100 μg/ml streptomycin. H4 or Caco2 cells were incubated without or with acetate (5−30 mM), propionate (5−30 mM), or butyrate (5−30 mM) in the absence or presence of 1 ng/ml IL-1β. IL-1β was added to cell culture medium 30 min after the administration of SCFAs

Organoid cultures {#sec014}
-----------------

Human sample procedures were approved by institutional review board protocols IRB 1999P003833 (Brigham and Women's Hospital, Boston, MA) and IRB 2016P000949 (Massachusetts General Hospital, Boston, MA) for the derivation of fetal enterospheres (FEnS). The human fetal intestinal organoids were derived as described in our previous publication \[[@pone.0229283.ref020]\]. Briefly, intestinal fragments were collected from aborted fetuses and cut into small pieces. Crypt cells or H4 cells in the passage of 20 cultured in 150 cm^2^ flask to confluence were isolated with EDTA methods and the solutions containing intestinal crypts or H4 cells were processed further and plated in Matrigel (2x10^5^ cells in 11.2μl Matrigel and separated into 10 small tents per well in a 6- well plate) as described \[[@pone.0229283.ref020]\] to produce FEenS or H4 organoids respectively. Stem cell media was prepared according to our previously published methods \[[@pone.0229283.ref020]\]. The intestinal stem cell media composition was as follows: 500 mL Dulbecco's modified Eagle medium (DMEM)/F12 11330--032, 5 mL penicillin/streptomycin 15140122, 5 mL nonessential amino acids 11140--050, 5 mL sodium pyruvate 11360--070, 5 mL N-2 17502, and 10 mLB-27 17504044 (all purchased from ThermoFisher Scientific); 50 mL fetal bovine serum F4135, 1 mmol/L acetylcysteine A9165, and 10 nmol/L gastrin G9145 (all purchased from Sigma-Aldrich); 50 ng/mL epidermal growth factor (EGF) (AF-100-15; PeproTech, Rocky Hill, NJ). L-WRN mouse fibroblasts ATCC CRL-3276 conditioned media was prepared as previously described. Stem cell media and L-WRN--derived conditioned media were combined in a 1:1 ratio (1:1 media), 500 nmol/L A-8301 SML0788-5MG (Sigma-Aldrich), 10 mmol/L Y27623 Y0503- 5MG (Sigma-Aldrich) were added before use. In this experiment the FEnS we used was from gestational age 22 week and 15 week, passage 17--20 therapeutically aborted fetuses.

Single-cell suspensions derived from organoids were plated on Polyester (PET) membrane Transwell inserts with a 0.4-mm pore size (Corning Life Sciences, Corning, NY) at 1.06 cells/mL. The media was changed every other day. When the culture reached confluence, based on transepithelial electrical resistance (TEER) monitoring and microscope direct observation (approximately 10 days), the culture was apically treated with 5 μmol/L N-\[(3,5-Difluorophenyl) acetyl\]-L-alanyl-2-phenyl\]glycine-1, 1-dimethylethyl ester (DAPT) in DMEM/F12 for 48 hours as previously described to promote cell differentiation. All inhibitors were removed from 1:1 media on the basolateral side. The monolayers were treated with short chain fatty acid (20 mM) apically for 30 mins before being stimulated with human IL-1β (1ng/ml for 24 hours) basolaterally. The supernatants from the basolateral side were collected for IL-8 protein assay by ELISA.

Determination of the anti-inflammatory effects of SCFAs on fetal and adult mouse intestinal organ culture {#sec015}
---------------------------------------------------------------------------------------------------------

C57BL/6J (Jackson Laboratory) were bred and housed in a specific pathogen free facility. Animals were given water and standard laboratory chow *ad libitum*. Timed pregnant mice were established by pairing 12-14-wk old female mice with proven breeder male just prior to the end of the daily light cycle. The following morning the male was separated from the female. The females were placed in a dated cage (an examination for the presence of an ejaculatory plug in the vagina was omitted to reduce the perturbations to the mice) and considered pregnant, e.g., embryonic day (E) 0.5. Pregnant mice were confirmed when an enlarged abdomen became visually apparent near E18.5. Pups were delivered by caesarean section at E 18.5\[[@pone.0229283.ref022]\]. Small and large intestinal tissues were then collected and cut into 3-mm pieces and maintained in organ culture media as described previously \[[@pone.0229283.ref022]\]. Briefly, this media was made by Opti-MEM I medium supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES buffer, 0.2U/ml insulin, and 20 ng/ml recombined mouse epidermal growth factor (EGF) (R & D systems, Minneapolis, MN), 5 μg/ml transferrin, 0.06 μM sodium selenite, 200 nM hydrocortisone (Sigma, St. Louis, MO) and an antibiotic-antimycotic cocktail (100 unit/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml fungizone antimycotic) (GibcoThermofisher). After 1--2 h at 37°C, tissues were pretreated with and without 20 mM of short chain fatty acids (acetate, propionate and butyrate) at 20 mM for 30 min and then stimulated with 1ng/ml of recombinant mouse IL-1β (R&D Systems, Minneapolis, MN) for 24 hrs. Supernatants were collected and stored at −20°C for ELISA analysis. Animal procedures had been previously approved by the Massachusetts General Hospital Subcommittee on Research Animal Care and Use committee (2018N000070).

Measurement of IL-8 and macrophage inflammatory protein2(MIP2) production {#sec016}
-------------------------------------------------------------------------

IL-8 (human) and MIP2(murine homologue of IL8) concentrations in cell or tissue culture media were determined by ELISA with Human CXCL-8/IL-8 and Mouse CXCL2/MIP-2 DuoSet ELISA kits (R&D systems, Minneapolis, MN, USA) according to the manufacturer's protocol. Absorbance at 450 nm was measured using a microplate spectrophotometer (Multiskan Go, Thermo Fisher Scientific Inc.). The total protein was measured by using Quick Start Bradford 1xDye Reagent (Bio-Rad, Hercules, California). IL-8 concentrations were normalized by total protein level, expressed as pg/mg protein.

RNA isolation and quantitative RT-PCR analysis {#sec017}
----------------------------------------------

Total RNA was extracted from H4 cells and H4 organoids with RNA RNeasy MIini Kit (Qiagen, Valencia, CA). Isolated RNA was treated with DNase I (Fermentas) to remove remaining DNA. RNA yield was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Rockford, IL, USA). The cDNA was amplified using iQ SYBR Green Supermix (Bio-Rad, Philadelphia, PA). For quantitative RT-PCR of humanHDAC3,HDAC5, FFAR2, FFAR3, GRP109A and GADPH, and the primer sequences used of these genes were shown in below. The RT-PCR with probes was performed with the One Step RT-PCR Master-Mix kit for Probe Assays (Eurogentec) with 200 ng of RNA per reaction and 0.5 μM of primers and probes. Transcript levels were corrected to GADPH, and fold expression levels of gene of interests were calculated by their Ct value. Unstimulated condition: ΔCt control = Ct target gene control − Ct GADPH control. Stimulated condition: ΔCt treated = Ct target gene treated − Ct GADPH treated. ΔCt(control) − ΔCt(treated) values = ΔΔCt, the fold change in mRNA = 2^ΔΔCt^.

Human GAPDH, forward, `5’- ATGGGGAAGGTGAAGGTCG-3’`,

and reverse, `5’- GGGGTCATTGATGGCAACAATA-3’`

Human HDAC3, forward, `5’- GCAAGGCTTCACCAAGAGTCT-3’`,

and reverse, `5’- AGATGCGCCTGTGTAACGC-3’`

Human HDAC5, forward, `5’- TCTTGTCGAAGTCAAAGGAGC-3’`,

and reverse, `5’- GAGGGGAACTCTGGTCCAAAG-3’`

Human GPR109A, forward, `5’- ATGTTGGCTATGAACCGCCAG -3’`,

and reverse, `5’- GCTGCTGTCCGATTGGAGA -3’`

Human FFAR2, forward, `5’-CTTCGGACCTTACAACGTGTC-3’`,

and reverse, `5’-CTGAACACCACGGCTATTGAC-3’`

Human FFAR3, forward, `5’- TTCACCACCATCTATCTCACCG-3’`,

and reverse, `5’-GGAACTCCAGGTAGCAGGTC-3’`

HDAC protein assay {#sec018}
------------------

HDAC activity was measured using the HDAC-Glo assay (Promega) according to the manufacturer's instructions. H4 cells were seeded into a white-walled 96-well plate at a density of 10,000 cells/well in a volume of 50 μl for 72 h. H4 cells were pretreated with for SCFAs 30 min and then added with IL-1β for 24 h. Remove culture medium and replaced by serum-free medium. Subsequently, 50 μl of TSA was transferred on to the plate and incubated for 30 min and 100 μl HDAC-Glo^™^ I/II reagent was added to each well. The assay was incubated at room temperature for 20 min after which luminescence was measured using a Fluorostar plate reader (GE Healthcare).

H4 cell line subjected to HDAC3, HDAC5 and GPR 109A inhibitor {#sec019}
-------------------------------------------------------------

To investigate the function of HDAC3, HDAC5 and GPR109A in the SCFAs IL-1 β-induced inflammation in H4 cells, H4 cells were pretreated with the HDAC3 inhibitor TSA(100 nM), HDAC5 inhibitor LMK325 (100 nM) and 109A inhibitor mepenzolate bromide(MP) \[[@pone.0229283.ref023]\] (0.2 mM dissolved in DMSO) for 30 min before SCFAs (20 mM of acetate, propionate and butyrate) treatment for 30 min then exposed to 1ng/ml of recombinant human IL-1β (R&D Systems) for 24 h. Supernatants were collected and stored at -20°C for ELISA IL8 analysis.

Statistical analysis {#sec020}
--------------------

All data are presented as the mean ±standard error of the mean (SEM). One-way ANOVA and Turkey post-doc test were used to compare the mean of multiple groups. Differences of *p* \< 0.05 were considered significant (comparison with control group\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.0001; comparison with IL-1β treated group ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01, ^\#\#\#^*p* \< 0.0001) (GraphPad Prism 6).

Supporting information {#sec021}
======================

###### The ARRIVE guidelines checklist.

(PDF)

###### 

Click here for additional data file.

###### The ARRIVE guidelines checklist.

(DOCX)

###### 

Click here for additional data file.

###### SCFAs inhibited IL-1β induced IL8 induction in Caco2 cells but not by inhibition of HDACs activity.

Caco2 cells were pretreated with or without 20 mM of SCFAs for 30 min before IL-1β stimulation (1ng/ml) for 24h **(A)** or 4h **(B-C)**. The secretion of IL-8 into the supernatants was assayed by Elisa **(A)** and the HDAC3 **(B)** and HDAC5 mRNA **(C)** were determined by real time RT-PCR. Data are represented as the mean ± SEM of three independent experiments, n = 3. One -way ANOVA and Tukey post hoc tests were used for statistic. Differences compared to the control group were considered significant at \*\*p\<0.01, \*\*\* p\<0.001; differences compared to the IL-1β group were considered significant at \#\#\# p\<0.001.

(TIF)

###### 

Click here for additional data file.

###### 

(PDF)

###### 

Click here for additional data file.
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